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$ Related Patent Poaunaate 

This is u continuation of U.S. Provisional Patent Application Serial No. 60/230,605. 
filed on March 29, 2001 and entitled "Noncnvalenl Sidewall FunctiooalizaUon of Single 
Walled Carbon Nanotubes and Controlled Protein immobilization," to which priority b claimed 
under 35 UAC §120 for common subject matter. This patent document also relates to U.S. 

10 Patent Application Serial No. 09/574,393 (STFD.019PA/S99-175), filed on May 1 9, 2000 ami 
entitled "Carbon Nanolube Devices," which is a divistonaVconiinuatioii-in-part of U.S Patent 
Application Serial No. 09/1 33,948 (STHX021 PA/398-049), filed oo August 14, 1998 and 
entitled "Carbon Nanotube Structures Made Using Catalyst Wanda," and which claims priority 
to VJS. Provisional Application Serial No. 60/171,200, filed on December 15, 1999, all of 

15 which arc fully incorporated herein by reference. 

Federally Sponsored Research ox Pcvtlopment 

Various aspect of this invention were made with support of the U.S. Government under 
Z0 grant number ECS 987 1 947 from the National Science Foundation <NSF), and the U.S. 
Government has certain rights therein. 

Held nf the Invention 

The present invention folates generally to carbon nanotubes and more particularly to 
25 Amstlonalization of carbon ntmotub.es and related applications. 
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Bacheronnrt 

Caibon nanotubes exhibit interesting and useful electrical properties, and may be 
utilized for a variety of devices. Single-walled caibon nanotubes (SWNTs), having sin^e- 
molecule-thick walls, have been found to be particularly useful in a variety of implementations, 
5 including integrated molecular electronic devices and chemical sensors. These devices may be 
implemented, for example, in chemical and biological species detection and identification, 
microelectronics circuitry, medical devices, environmental monitoring, medical/clinical 
diagnosis and biotechnology for gene mapping and drug discovery. For general information 
regarding caibon nanotubes, and for specific information regarding SWNTs and its 

10 applications, reference may be made generally to foe above-mentioned patent documents, and 
also to: "Caibon Nanotubes: Synthesis, Structure, Properties and Applications," MS. 
Dresselhaus, G. Dresselhaus and Ph. Avouris (Eds,), Springer-Veriag Berlin Heidelberg, New 
York, 2001; and "T. Single-shell Carbon Nanotubes of 1-nm Diameter," Bjima, S. & IcWhashi, 
Nature 363. 603-605 (1993). 

15 In these and other carbon nanotube implementations, nanotube devices exhibiting both 

high functionality and high flexibility are desirable. For instance, in electrical applications, the 
ability to manipulate electrical characteristics of a device to target the device's electrical 
behavior to a particular implementation increases the device's functionality and flexibility. 
Similarly, in chemical sensors, the ability to tailor a sensor for sensing & particular molecular 

20 species is also advantageous. In previous carbon nanotube implementations, however, 
achieving such high functionality and flexibility has been challenging. 
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Snnnnary 

The present invention is directed to the above-mentioned challenges and applications 
and others that relate to carbon nanotube devices and their implementation. The present 
invention is exemplified in a number of implementations and applications, some of which axe 
summarized below. 

According to an example embodiment, the present invention is directed to a carbon 
nanotube device having a fiinctionalized carbon nanotube sidewall, with molecules 
nonoo valendy bonded to the sidewall. 

According to another example embodiment, the present invention involves 
fictionalizing a single-walled carbon nanotube (SWNT) by noncovalently bonding a first type 
of molecule to the SWNT sidewall, the noncovalently-bonded molecules being irreversibly 
adsorbed onto the sidewall of die SWNT. In this manner, the fiinctionalized SWNT can be 
used to immobilize another molecule* such as a protein, various biological substances, 
potymerizable molecules and inorganic nanoparticies. With this other molecule being so 
immobilized on the fiinctionalized SWNT, electrical responses of die SWNT can boused to 
characterize the immobilized molecule. 

The above summary of the present invention is not intended to describe each illustrated 
embodiment or every implementation of the present invention. The figures and detailed 
description that follow more particularly exemplify these embodiments. 

Piriief Pescrlptlon.pf the Prawlngs 
The invention may be more completely understood in consideration of die detailed 
description of various embodiments of the invention that follows in connection with the 
accompanying drawings, in which: 

3 
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FIG. 1 is a carbon nanotube having molecules noncovalently bonded thereto, according 
to an example embodiment of the present invention; 

FIG. 2 is a flow diagram for noncovalent sidewall functionalization and subsequent 
protein immobilization of a SWNT, according . to another example embodiment of the present 
invention; 

FIG. 3 is a system for fimctionalizing SWNTs and immobilizing molecules therewith, 
according to another example embodiment of the present invention; and 

FIG. 4 is circuit arrangement having a function alized carbon nanotube, according to 
another example embodiment of the present invention. 

While die invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in die drawings and will be described in 
detail. It should be understood, however, that the intention is not to limit the invention to the 
particular embodiments described. On the contrary, die intention is to cover all modifications, 
equivalents, and alternatives falling within the spirit and scope of the invention. 

Detailed Description 

The present invention is believed to be applicable to a variety of different types of 
devices, and the invention has been found to be advantageous for fimctionalizing carbon 
nanotubes in a manner that preserves their general electrical characteristics. While the present 
invention is not necessarily limited to such applications, various aspects of die invention may be 
appreciated through a discussion of various examples using this context. 

According to an example embodiment of the present invention, a caibon nanotube is 
functionalized by noncovalently bonding molecules to a sidewall of the caibon nanotube, such 
as a SWNT. Such noncovalent SWNT sidewall functionalization preserves the sp 2 (electron 
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spin) nanotube structure and thus preserves electronic characteristics f the SWNT. In this 
regard, the present invention is particularly useful for a variety of nanotube implementations, 
including soluble nanotubes, nanotubes self-assembled on surfaces, nanotubes for 
immobilization of molecules, nanotubes for chemical sensors and nanotubes for molecular 
5 electronics. 

In a more particular example embodiment of the present invention, the noncovalent 
sidewall functionalization is used for self-assembly of nanotubes with unperturbed sp 2 
(electron spin) structures and electronic properties. 

Consistent with the present invention, FIG. 1 shows a SWNT 105 having a plurality of 

10 noncovalendy-bonded molecules 1 10, 1 12, 1 14 and 1 16, according to another example 

embodiment of the present invention. The noncovalently-bonded molecules are configured and 
arranged for bonding to additional molecules, such as biomolecules such as antibodies, antigens 
and DNA, polymerizable molecules, inorganic particles and proteins (e.g. t metallothionein, 
streptavidin, ferritin, biotinyI-3, 6-dioxaoctanedi amine (biotin-PEOamine)), and various 

15 inorganic molecules that are electrically semi-conductive and therefore have interesting and 
useful electrical properties. 

In one example implementation, molecule 1 16 is fonctionalized with a bifunctional 
molecule from a succinimidyl ester group that is highly reactive to nucleophilic substitution by 
primary and secondary amines that exist in abundance on the surface of most proteins. More 

20 specifically, the molecule 116 can be 1-pyrenebutanoic acid, succinimidyl ester (hereinafter 
referred to as * Ihe first example combination"), available from Molecular Probes, Inc., USA, 
and is irreversibly adsorbed onto a hydrophobic surftce 108 of the SWNT 105. The 
bifunctional molecule 116, from the pyrenyl group, is highly aromatic in nature and strongly 
interacts with the sidcwalls of the SWNT, which makes the molecule highly stable against 

5 
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dcsoiption in aqueous solutions. Generally, molecules are irreversibly adsorbed onto the 
sidcwall of the SWNT by one or more of various non-covalent forces such as van der Waals 
and hydrophobic interactions* and rc- stacking. Due to die highly-aromatic characteristics of die 
pyrenyl group, as with the basal plane of graphite, the strong interaction with die SWNT 
5 sidewalls is via ^stacking. 

A protein molecule 120 is bonded to die bifimcttonal molecule 1 16 using micleophiKc 
substitution ofN-hydroxysuccinimide by an amine group (NHi) 122 on the protein, resulting in 
die formation of an amide bond. This technique enables the immobilization of a wide range of 
biomolecules on die Sidewalls of SWNTs with high specificity and efficiency. 
10 FIG. 2 is a flow diagram for immobilizing a protein with a SWNT, according to another 

example embodiment of the present invention. At block 210, a SWNT is incubated in a 
solution to noncovalendy bond a biftmctional molecule m^eto, thus fimctionalizing the SWNT 
(e.g., similar to SWNT 105 of FIG. 1). The functionalization is achieved using one or more of a 
variety of incubation solutions, such as an organic solvent dimethylfbrmamide (DMF) or. 
IS methanol, with a ftmctionalizing reagent therein. For instance, the functionalization of the 
SWNT 105 with molecule 1 16 in FIG. 1 can be achieved via incubation in a 1-pyrenebutanoic 
acid, succinimidyl ester solution (about 6 mM of die first example combination in DMF or 
about 1 mM in methanol) for 1 hour at room temperature. The funcdonalized SWNT is then 
rinsed at block 220 using, for example, pure DMF or methanol to wash away excess reagent 
20 For protein immobilization, die funcdonalized SWNT is incubated in an aqueous 

solution of proton at block 230, subsequently rinsed at block 240 and dried at block 250. 
Referring again to the SWNT 105 of FIG. 1, die proton 120 immobilization can be achieved 
via incubation at block 230 for about 18 hours at room temperature. After the protein 
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immobilization, the SWNT 1 OS is rinsed thoroughly in pure water for about 6 hours, and then 
dried. 

In another example embodiment of the present invention, biotm-FBO-amine (available 
from Pierce Chemical, USA) is immobilized onto a SWNT at block 230. The incubation is 
5 carried out using an aqueous solution of biotin-PEO-amine (about 20 mgfaiL) for about 18 
hours to covalently link the biotin group to via an amide-forming reaction mechanism, similar 
to that discussed above. The SWNT is then exposed to a solution of streptavidin-Au conjugate 
to achieve strcptavidin-biotin coupling, and subsequently rinsed and dried at blocks 240 and 
250, respectively . 

10 In still another example embodiment of the present invention, SWNTs formed using 

laser ablation are deposited onto a SiOj substrate from suspension in 1,2-dichloroethane (e.g. 9 
about 1 mg of SWNT/10 mL of solvent). The substrate is then incubated in the first example 
combination (6 mM, inDMF) for I hour, rinsed thoroughly in pure DMF, exposed to a dilute 
ferritin solution (eg., about 10 ng/mL in a 15 \sM NaCl solution) for about 18 hours, and then 

1 5 rinsed in pure water for about 3 hours. This approach is effective in providing bonding to die 
SWNT and not to the substrate. 

In another implementation, a bundle of SWNTs is functionalized at block 210. The 
SWNT bundle is similarly used to immobilize a protein at block 230. Because of concave 
regions formed between neighboring individual SWNTs, proteins can be readily anchored (or 

20 immobilized) via noncovalent bonds with one or more SWNTs in the SWNT bundle. 

The incubation and rinsing steps shown byway of example in FIG. 2 may be carried out 
using one or more of a variety of systems. FIG. 3 shows one such protein immobilization 
system 300, according to another example embodiment of die present invention. The system 
300 includes four chambers 310, 320, 330 and 340, with each chamber being arranged to hold a 
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plurality f SWNTs, such as an array ofSWNTs formed on a grid f catalyst over a substrate 
Incubation station 310 is arranged to hold an aqueous solvent with a reagent suspended therein, 
which noncovalentty bonds to and functkmalizes die SWNTs. After incubation in station 310, 
station 320 is arranged to rinse SWNTs using, for example, a solvent as discussed above. 

5 Station 330 also is arranged to hold an aqueous solution with molecules for immobilization 
using the functionalizcd SWNTs rinsed at station 320. Finally, station 340 is arranged for 
rinsing the functionalizcd SWNTs with immobilized molecules from station 330. 

FIG. 4 is a circuit arrangement 400 with a functionalizcd SWNT 410, according to 
another example embodiment of the present invention. The circuit arrangement includes 

10 circuitry 440 coupled via interconnects 430 and 432 to the SWNT 410 via electrodes 420 and 
422. The electrodes are coupled to opposite ends of the SWNT 410, which is functionalizcd by 
molecules 412 that are noncovalentty bonded thereto. The noncovalently bonded molecules 
412 may, for example, be bonded to die SWNT using one or more of the implementations 
discussed herein. The functionalizcd SWNT 410 exhibits electrical characteristics that are a 

IS function of the noncovalendy-bondcd molecules 412. In this regard, the selection of the 
molecules 412 is tailored to a desired electrical characteristic for die circuit arrangement 

In a more particular example embodiment (not shown), the circuit arrangement 400 
fiirther includes immobilized molecules coupled to the noncovalendy-bondcd molecules 412 of 
the functionalizcd SWNT 410. In this implementation, the immobilized molecules alter an 

20 electrical characteristic of the SWNT, thus altering an electrical characteristic of the circuit 
arrangement 400. In one implementation, the type of immobilized molecule is selected for 
achieving the desired characteristics for the SWNT. 

In another implementation, the circuit arrangement 400 is part of a sensor for detecting 
and identifying molecules via immobilization with die functionalizcd SWNT. The 

8 
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noncovalently-bonded molecules 412 have a composition that selectively immobilizes neor 
more types of molecules. The circuitry 440, coupled across the SWNT 410 at electrodes 420 
and 422, detects an electrical characteristic, or a change thereof, for the SWNT 410 in response 
to the immobilized molecule. The detected electrical characteristic is used to identify the 

5 composition of die immobilized molecule (e.g., by comparing the detected characteristic to a 
known response of the SWNT to particular molecules). For general information regarding 
carbon nanotubes, and for specific information regarding sensing molecules with a carbon 
nanotube, reference may be made to US. Provisional Patent Application Serial No, 60/335,306 
(STFD.023P1/S01-208), filed on November 1, 2001, and entitled 'Integrated Nanotube 

10 Sensor." 

The various embodiments described above are provided by way of illustration only and 
should not be construed to limit the invention. Based on tie above discussion and illustrations, 
those skilled in the art will readily recognize that various modifications and changes may be 
made to the present invention without strictly following the exemplary embodiments and 

15 applications illustrated and described herein. For instance, such changes may include 

modifying the carbon nanotubes for sensing one or more particular molecular species. Such 
modifications and changes do not depart from die true spirit and scope of die present invention. 
In addition, for general information regarding carbon nanotubes, and for specific information 
regarding carbon nanotdbe implementations that may be used in connection with the present 

20 invention, reference may be made to the attached Appendix which is part of the priority patent 
document entitled "Noncovalent Sidewall Functionalization of Single-Walled Carbon 
Nanotubes and Controlled Protein Immobilization," as well as to the above-mentioned patent 
document entitled Integrated Nanotube Sensor" (STFD.023P1/S01-208), which are folly 
incorporated herein by reference. 
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What b claimed is: 

1 1. A single-walled carbon nanotube (SWNT) device, comprising: 

2 a carton nanotube including a fimctionaUzcd sidewall having molecules noncovalentiy 

3 bonded thereto. 

1 2. The carbon nanotube device of claim 1 , wherein die noncovaleatly-bonded molecules 

2 are irreversibly adsorbed onto the sidewall of the SWNT. 

1 3. The carbon nanotube device of claim 2, wherein the noncovalently-bonded molecules 

2 are irreversibly adsorbed onto the sidewall of the SWNT by at least one of a plurality of non- 

3 covakat forces including: rc-stacking, a van der Waals interaction, and a hydrophobic 

4 interaction. 

1 4. The carbon nanotube device of claim 3, wherein the molecules comprise proteins. 

1 5. The carbon nanotube device of claim 3, further including a protein immobilized on the 

2 sidewall of the SWNT. 

1 6. The carbon nanotube device of claim 5, wherein the protein is immobilized on the 

2 sidewall of the SWNT via an amide bond. 

1 7. The carbon nanotube device of claim 5, wherein the protein is immobilized on the 

2 sidewall of the SWNT via a nuclcophilic substitution inv lving an amine group on the protein: 

10 
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1 8. The carbon nanotube device of claim 5, wherein the protein is immobilized on the 

2 sidewall of fee SWNT via a nucieophilic substitution involving an amine group on the proton 

3 to fbnn an amide bond between die protein and the sidewall. 

1 9. The carbon nanotube device of claim 1, further comprising circuitry electrically coupled 

2 to the SWNT and configured and arranged detect an electrical response of the fiinctionalized 

3 SWNT. 

1 10. The carbon nanotube device of claim 1 , wherein the noncovalently-bonded molecule is 

2 configured and arranged to alter an electrical characteristic of die SWNT. 

1 11. The carbon nanotube device of claim I, wherein the SWNT includes an unperturbed sp 2 

2 structure. 

1 12, The carbon nanotube device of claim 1 v wherein the noncovalently-bonded molecules 

2 are irreversibly adsorbed onto the sidewall of the SWNT, and wherein the molecules comprise 

3 proteins. 

1 13. The carbon nanotube device of claim 1, wherein the noncovalently-bonded molecules 

2 are irreversibly adsorbed onto the sidewall of the SWNT, and wherein the molecules are 

3 biological molecules selected from a group consisting of: antibodies, antigens* and DNA. 
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1 14. The caibonnanotuBe device of claim 1, wherein the noncovalently-bonded molecules 

2 are irreversibly adsorbed onto, the sidewall of the SWNT, and wherein the molecules comprise 

3 polymerizable molecules. 

1 15. The method of claim 1 , wherein die noncovalently-bonded molecules are irreversibly 

2 adsorbed onto the sidewall of die SWNT, and wherein the molecules comprise an inorganic 

3 nanoparticle species. 

1 16. The method of claim 1 , wherein the noncovalently-bonded molecules are irreversibly 

2 adsorbed onto the sidewall of the SWNT, and wherein the molecules comprise inorganic 

3 molecules that are at least electrically semi-conductive. 

1 17. A method for ftmctionalizing a single-walled caxbon nanotube (SWNT) device, the 

2 method comprising: 

3 noncovalently bonding molecules to a sidewall of die carbon nanotube. 

1 18. The method of claim 17, further including causing a bond between the noncovalently- 

2 bonded molecules and a protein via nucleophOic substitution by amines on the surface of the 

3 protein, 

1 19. Hie method of claim 17, farther including immobilizing another type of molecule to the 

2 noncovalently-bonded sidewall. 



1 



20. The method of claim 19, wherein the other type f molecule is a protein. 
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1 21. A method for fimctionalizing a singlc-walled carbon nanotubc (SWNT), foe method 

2 comprising: 

3 noncovalentfy bonding molecules of a first type to a sidewall of SWNT, the 

4 noneovalently-bonded molecules being irreversibly adsorbed onto the sidewall of the SWNT. 

1 22. The method of claim 2 1 , wherein the first type of molecule is highly stable against 

2 desorption in aqueous solutions. 

1 23. The method of claim 22, further comprising causing a bond between the noncovalently- 

2 bonded molecules and a protein via nucieophilic substitution by amines on the surfaceof die 

3 protein. 

1 24. The method of claim 23, further comprising detecting an electrical response of the 

2 SWNT to the protein and using the detected electrical response to detect a characteristic of the 

3 protein. 

1 25. A method for using a single-walled carbon nanotube (SWNT), the method comprising: 

2 providing a functionalized SWNT, the SWNT being functionalized in that molecules of 

3 a first type are noncovalently bonded to a sidewall of SWNT, (he noneovalently-bonded 

4 molecules being irreversibly adsorbed onto the sidewall of die SWNT; 

5 immobilizing a protein onto die functionalized SWNT. 
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1 26. Thcmettod f clahn 25, wherein immobilizing protein ntothefuncti nalizcdSWNT 

2 includes includes fbiming an amide bond. 

1 27. The method of claim 26, wherein providing a ftmctionalized SWNT includes 

2 noncovalently bonding a Afunctional molecule from file pyrenyl group. 

1 28. The method of claim 27, wherein forming an amide bond includes micleophilic 

2 substitution of tf-hydroxysuccinimide by an amine group an the protein. 

1 29. A system for manufacturing a single-walled carbon nano tube (SWNT) device, the 

2 system comprising: 

3 means for noncovalently bonding a molecule onto a SWNT; and 

4 means for bonding a second molecule to the noncovalently-bonded molecule. 

1 30, A system for manufacturing a single-walled carbon nanotube (SWNT) device, the 

2 system comprising: 

3 an incubation chamber configured and arranged for noncovalently bonding a molecule 

4 onto a SWNT; and 

5 a second incubation chamber configured and arranged for bonding a second molecule to 

6 the noncovalently-fconded molecule. 

1 31. The system of claim 30, Anther comprising a rinse tank configured and arranged to rinse 

2 the carbon nanotube. 
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